We discovered that induced pluripotent stem cell (iPSC) clones generated from aged tissue donors (A-iPSCs) fail to suppress oxidative phosphorylation. Compared to embryonic stem cells (ESCs) and iPSCs generated from young donors (Y-iPSCs), A-iPSCs show poor expression of the pluripotent stem cell-specific glucose transporter 3 (GLUT3) and impaired glucose uptake, making them unable to support the high glucose demands of glycolysis. Persistent oxidative phosphorylation in A-iPSCs generates higher levels of reactive oxygen species (ROS), which leads to excessive elevation of glutathione (a ROS-scavenging metabolite) and a blunted DNA damage response. These phenotypes were recapitulated in Y-iPSCs by inhibiting pyruvate dehydrogenase kinase (PDK) or supplying citrate to activate oxidative phosphorylation. In addition, oxidative phosphorylation in A-iPSC clones depletes citrate, a nuclear source of acetyl group donors for histone acetylation; this consequently alters histone acetylation status. Expression of GLUT3 in AiPSCs recovers the metabolic defect, DNA damage response, and histone acetylation status.
INTRODUCTION
The homeostatic balance of the redox status in the cytoplasm (glycolysis) and in mitochondria (oxidative phosphorylation) governs the production of energy and building blocks in cells, broadly influencing the biological functions of every cell type in all living organisms (O'Rourke, 2016) . A transition in the cytosolic and mitochondrial redox status occurs when cells change their properties, in both normal cellular transitions (e.g., tissue differentiation, embryo development, and stem cell reprogramming) and in cellular dysfunction (e.g., neurodegeneration, diabetes, cardiovascular diseases, and cancer) (Kang and Pervaiz, 2012 ). An understanding of the biological mechanisms and functional defects that perturb the redox status has significant implications for basic cell biology and cell-based therapies.
Pluripotent stem cells such as embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) favor hypoxic conditions for self-renewal and pluripotency by suppressing oxidative phosphorylation and minimizing both oxygen use and the production of reactive oxygen species (ROS) (Mathieu et al., 2014; Zhang et al., 2012; Folmes et al., 2011) . Pluripotent stem cells show relatively higher oxidative phosphorylation levels when in the naive state than in the primed state (Huang et al., 2014; Zhou et al., 2012; Takashima et al., 2014) . A hypoxic state also promotes the reprogramming of somatic cells to iPSCs (Yoshida et al., 2009) . During iPSC reprogramming, a switch occurs in glucose metabolism, in which somatic cell-specific oxidative phosphorylation is suppressed and pluripotent stem cellspecific glycolysis is supported (Ezashi et al., 2005; Facucho-Oliveira et al., 2007) . However, the biological consequence of suppressing oxidative phosphorylation during reprogramming of pluripotent stem cells has not been studied because all pluripotent stem cells use glycolysis. In our study of the mechanism behind the redox changes, we used mouse iPSC and ESC models with a fixed congenic genetic background (B6CBA), which allowed us to directly compare various cell types with minimum genetic variability. We discovered that iPSC clones generated from aged tissue donors (A-iPSCs, 1.4-year-old tailtip fibroblasts) fail to suppress oxidative phosphorylation, while iPSCs generated from young tissue donors (Y-iPSCs, 5-day-old neonate tail-tip fibroblasts) and ESCs switched from oxidative phosphorylation to glycolysis. Thus, A-iPSCs provided us with a unique tool to study the biological significance of suppressing oxidative phosphorylation in pluripotent stem cells.
Under the hypoxic conditions that favor pluripotent stem cell self-renewal, the suppression of oxidative phosphorylation also reduces ROS generation. Excessive ROS levels and aberrant activation of downstream pathways in somatic cells have been shown to block selfrenewal and iPSC reprogramming Li et al., 2009; Utikal et al., 2009) . A key regulator of cellular ROS level is glutathione (a ROS-scavenging metabolite); the balance between ROS and glutathione is important to minimize oxidative damage and trigger the DNA damage response leading to apoptosis. Chemotherapy-resistant cancers show an imbalance in ROS-glutathione and a defect in apoptosis (Traverso et al., 2013; Balendiran et al., 2004) . We observed a similar imbalance in ROS-glutathione homeostasis in A-iPSCs, in which high levels of ROS led to excessive glutathione and a subsequent blunting of the DNA damage response (Skamagki et al., 2017) .
Using A-iPSCs as a tool, we investigated the mechanisms and downstream consequences of persistent oxidative phosphorylation compared to Y-iPSCs and ESCs. We found that suppression of oxidative phosphorylation is essential for supporting the DNA damage response in iPSC reprogramming and for maintaining histone acetylation. Our findings shed light on the biological significance of the redox status during both normal cellular transitions and cellular dysfunction.
RESULTS

A-iPSCs Have Impaired Glucose Uptake and Altered Glucose Metabolism
Because metabolic alterations are key drivers of somatic cell aging (Finkel, 2015) and changes in metabolism have been noted during the reprogramming of somatic cells to iPSCs (Shyh-Chang et al., 2013a) , we compared the metabolic differences in A-iPSCs and YiPSCs. Others have reported that somatic cells favor oxidative phosphorylation to generate ATP, while pluripotent stem cells primarily use glycolysis (Shyh-Chang et al., 2013a; Zhang et al., 2012) . In our previous report (Skamagki et al., 2017) , we generated Y-iPSCs (from skin fibroblasts from 5-day-old neonatal mice) and A-iPSCs (from skin fibroblasts from 1.4-year-old mice) using the standard Yamanaka iPSC reprogramming methods (Skamagki et al., 2017) , as described previously (Kim et al., 2010 (Kim et al., , 2011 Lister et al., 2009; Ohi et al., 2011) . We confirmed the pluripotency of Y-iPSCs and A-iPSCs by AP1/SSEA1/OCT4/ NANOG expression, teratoma analysis, and chimera analysis (Skamagki et al., 2017; Kim et al., 2010; Smith et al., 2009) (Figures S1A-S1D ).
We performed a comparative gene expression analysis, and we found that A-iPSCs poorly expressed pluripotent stem cell-specific glucose transporter 3 (GLUT3) compared to YiPSCs ( Figures 1A and 1B ). GLUT3 has a high affinity for glucose (Maher et al., 1996) , and glucose uptake in A-iPSCs was impaired relative to Y-iPSCs ( Figure 1C ). Glycolysis was inefficient and only generated 2 ATP from 1 glucose. By contrast, oxidative phosphorylation efficiently generated 36 ATP from 1 glucose. Thus, we hypothesized that A-iPSCs are unable to support active glycolysis due to the decrease in GLUT3 and poor glucose uptake. XF e 96 extracellular flux analysis (Ho et al., 2012) confirmed that A-iPSCs underwent more oxidative phosphorylation, with greater O 2 consumption, compared to Y-iPSCs and ESCs ( Figure 1D ; Figures S1E-S1H) (Ferrick et al., 2008) . Together, our results suggest that AiPSCs cannot take in sufficient glucose to support glycolitic capacity (Figures S1I-S1L), and thus they continue to use somatic cell-specific oxidative phosphorylation.
Persistent Oxidative Phosphorylation in A-iPSCs Leads to an Imbalance in ROSGlutathione Homeostasis that Blunts the DNA Damage Response
We conducted global liquid chromatography-mass spectrometry (LC-MS) metabolite analysis as a pilot experiment in A-iPSCs, ESCs, and Y-iPSCs to measure 161 metabolites. Metabolite analysis confirmed the metabolic alterations in A-iPSCs (Figures S2A-S2E) (da Silva et al., 2013) . Ontogenic analysis of the detected metabolites defined differential metabolic signatures, with the topmost pathway related to glutathione synthesis ( Figure  S2C ).
Persistent oxidative phosphorylation in A-iPSCs ( Figure S1G ) may fuel chronic ROS production (Ray et al., 2012) and trigger an increase in glutathione, a ROS-scavenging metabolite (Shyh-Chang et al., 2013a; Zhang et al., 2012) , to counteract the increase in ROS. We detected a number of differentially regulated metabolites in the glutathione pathway in A-iPSCs compared to Y-iPSCs and ESCs, including a chronic elevation of glutathione ( Figure 2A ). This indicated active glutathione synthesis in response to either excessive production or extensive consumption of the intermediate metabolites in A-iPSCs. Excessive glutathione activity in A-iPSCs ( Figure 2A ) corresponded to excessive scavenging of ROS ( Figure 2B ) (Johnson et al., 2012) , and it was confirmed by the induction of ROS upon treatment of A-iPSCs with the glutathione synthetase (GSS) pharmacological inhibitor LButhionine-sulfoximine (BSO) ( Figure S2F ).
ROS not only damages DNA but also plays a protective role by inducing the DNA damage response to environmental stressors. Excessive glutathione activity and depletion of ROS may impair the DNA damage response in A-iPSCs (Skamagki et al., 2017) ; this effect of excessive glutathione activity has been reported in chemotherapy-resistant cancers (Traverso et al., 2013; Balendiran et al., 2004) . Treatment of A-iPSCs with phleomycin (a structural analog of bleomycin with higher potency) to induce DNA double-strand breaks revealed a blunted DNA damage response (ataxia telangiectasia mutated [ATM] pathway) compared to Y-iPSCs and ESCs ( Figure 2C ; Skamagki et al., 2017) .
Recovering GLUT3 Expression in A-iPSCs Restores Stem-Cell-Specific Glucose Metabolism and the DNA Damage Response
The pluripotent-specific suppression of oxidative phosphorylation and switch to glycolysis requires a high level of glucose import to support relatively inefficient glycolysis. Therefore, we hypothesized that the failure to suppress oxidative phosphorylation by A-iPSCs is a consequence of insufficient glucose uptake caused by a defect in GLUT3 expression. We found that expression of GLUT3 during A-iPSC reprogramming (Figures S1A-S1D) recovered GLUT3 expression ( Figure 1B ) and glucose uptake ( Figure 1C ), and it led to the suppression of oxidative phosphorylation ( Figure 1D ). Suppression of oxidative phosphorylation upon GLUT3 expression in A-iPSCs normalized the glutathione metabolic pathway (Figure 2A ), restored the balance between ROS and glutathione (Figures 2A and 2B) , and recovered the DNA damage response ( Figure 2C ) and apoptosis in response to stress (Figures 2D and 2E) to levels comparable to those of ESCs and Y-iPSCs. Ablation of GLUT3 in Y-iPSCs recapitulated the phenotype of A-iPSCs, leading to a loss of the DNA damage response (Figures S2G and S2H) and apoptosis in response to stress ( Figures 2D  and 2E ), a decrease in glucose uptake ( Figure 2F ) and ROS ( Figure 2G ), and an increase in O 2 consumption rate (OCR) ( Figure 2H ) and glutathione ( Figure 2I ).
Recapitulation of the Consequences of Persistent Oxidative Phosphorylation in Y-iPSCs by Pyruvate Dehydrogenase Kinase Inhibition and Citrate Supplementation
Because higher pyruvate dehydrogenase kinase (PDK) activity in pluripotent stem cells blocks glucose as the carbon source for the citric acid cycle and inhibits oxidative phosphorylation (Rodrigues et al., 2015) , we hypothesized that the inhibition of PDK in YiPSCs would activate oxidative phosphorylation and recapitulate the phenotype of A-iPSCs. A recent report showed that the PDK inhibitor dichloroacetate (DCA), a pharmacologic anticancer agent, efficiently activates oxidative phosphorylation in ESCs (Rodrigues et al., 2015) . We cultured Y-iPSCs in the presence of DCA, and we found that Y-iPSCs recapitulated the A-iPSC phenotype, with activation of oxidative phosphorylation in the presence of glucose ( Figure 3A ). DCA-induced oxidative phosphorylation also increased ROS ( Figure 3B ) and apoptosis ( Figure 3C ). We hypothesized that Y-iPSC clones surviving after DCA treatment contain elevated glutathione to scavenge excess ROS and show an impaired DNA damage response in response to stress. Indeed, DCA treatment selected for Y-iPSC clones with high glutathione ( Figure 3D ) and a poor DNA damage response ( Figure  3E ).
We also added citrate (substrate for the citric acid cycle) to Y-iPSC culture media to confirm the downstream consequences of the persistent oxidative phosphorylation seen in A-iPSCs. Exposure of Y-iPSCs to citrate activated oxidative phosphorylation ( Figure 3A ) and increased ROS ( Figure 3B ) and apoptosis ( Figure 3C ). The surviving Y-iPSC clones contained elevated glutathione ( Figure 3D ), showed a poor DNA damage response to stress ( Figure 3E ), and had excessive scavenging of ROS ( Figure 3F ).
Persistent Oxidative Phosphorylation in A-iPSCs Depletes Citrate and Alters the Pluripotent Histone Acetylation Status
Citrate is the key metabolite in the citric acid cycle of oxidative phosphorylation ( Figure  S2I ). A pilot global metabolite analysis showed a lower citrate level in A-iPSCs than in ESCs and Y-iPSCs ( Figures S2A-S2E ), indicating that either production of citrate is lower or it is catabolized faster in A-iPSCs. This result was confirmed by targeted citrate metabolite analysis ( Figure 4A ). Because the oxygen production rate in A-iPSCs is greater than in ESCs and Y-iPSCs (Figure 1D) , the lower citrate level in A-iPSCs is likely due to depletion through a highly active citric acid cycle with limited carbon sources.
Mitochondrial acetyl-CoA enters the citric acid cycle to produce citrate, which can be transported across the mitochondrial membrane and used to produce acetyl-CoA in the nucleus and cytoplasm. Citrate is a source of acetyl-CoA, which is a substrate for histone acetylation in the nucleus ( Figure S2I ) (Choudhary et al., 2014) . In ESCs and Y-iPSCs, acetyl-CoA produced from threonine proteolysis or alternative carbon sources (Shyh-Chang et al., 2013b ) is sufficient to maintain citrate metabolite concentrations to support the production of acetyl-CoA in the nucleus. Because A-iPSCs generate citrate from limited alternative carbon sources and consume citrate in the citric acid cycle as part of oxidative phosphorylation, less citrate is available for producing acetyl-CoA in the nucleus. We therefore hypothesized that histone acetylation levels in A-iPSCs would be lower than in ESCs/Y-iPSCs as a consequence of the differences in citrate concentration.
We quantified 99 histone modifications in A-iPSCs, ESCs, and Y-iPSCs using histone posttranslational modification profiling with MS analysis (Yuan et al., 2015; Feller et al., 2015) . We found statistically significant histone modifications ( Figure 4B ) with major changes in histone acetylation. Exogenous expression of GLUT3 in A-iPSCs to suppress oxidative phosphorylation ( Figure 1D ) recovered citrate to the levels seen in ESCs and Y-iPSCs ( Figure 4A ). GLUT3 expression also increased histone acetylation ( Figure 4B ) in A-iPSCs to levels equivalent to those in ESCs and Y-iPSCs.
ZSCAN10 as an Upstream Transcriptional Regulator of GLUT3 Expression
In an independent series of studies, we found that a newly identified pluripotent stem cellspecific transcription factor, ZSCAN10, is deficient in A-iPSCs (Skamagki et al., 2017) . When expressed in A-iPSCs, ZSCAN10 normalized GLUT3 expression ( Figure S3A ), glucose uptake ( Figure S3B ), oxidative phosphorylation rate ( Figure S3C ), and homeostatic balance between ROS and glutathione ( Figures S3D and S3E) , similar to what was seen with exogenous GLUT3 expression. A previous report (Yu et al., 2009) showed by chromatin immunoprecipitation (ChIP)-on-ChIP analysis that ZSCAN10 directly binds to the Gluts3 promoter; we confirmed this interaction by ChIP-qPCR ( Figure S3F ).
DISCUSSION
In this study, we found that A-iPSCs show persistent oxidative phosphorylation whereas YiPSCs and ESCs rely predominantly on glycolysis. Thus, A-iPSCs presented us with a unique research tool to study the consequences of a failure to suppress oxidative phosphorylation during reprogramming. We also found that A-iPSCs express lower levels of GLUT3 and its regulator, ZSCAN10 (Skamagki et al., 2017) , and that suppression of oxidative phosphorylation could be achieved with exogenous GLUT3 expression. Conversely, we recapitulated the negative effects of persistent oxidative phosphorylation (ROS elevation, ROS-glutathione imbalance, poor DNA damage response, and altered histone acetylation) in Y-iPSCs treated with a PDK inhibitor or citrate. These experiments reveal the biological significance of the redox status during stem cell reprogramming, and they have implications for the role of redox status in other cellular transitions, such as tissue differentiation, embryo development, cellular degeneration, and cancer development (Kang and Pervaiz, 2012) .
Previous studies have shown that the metabolic switch from oxidative phosphorylation to glycolysis involves the activation of PDK, which inhibits pyruvate dehydrogenase and the conversion of pyruvate to acetyl-CoA that fuels oxidative phosphorylation (Zhang et al., 2012; Shyh-Chang et al., 2013a) . We hypothesized that, in addition to expressing lower levels of GLUT3 and taking up less glucose, A-iPSCs fail to activate PDK, allowing continued pyruvate decarboxylation and the production of acetyl-CoA for oxidative phosphorylation. However, ESCs, Y-iPSCs, and A-iPSCs all showed higher levels of PDK and PDK activity compared with fibroblasts ( Figures S4A-S4C ), but differential GLUT3 expression patterns ( Figure S4B ), suggesting that A-iPSCs must suppress pyruvate decarboxylation to block the glucose carbon source that fuels the oxidative phosphorylation seen in ESCs and Y-iPSCs. Therefore, we examined whether A-iPSCs use an alternative carbon source (Shyh-Chang et al., 2013a). Amino acids are used as an alternative carbon source in a number of cancer cells and somatic cells (Shyh-Chang et al., 2013a) . YSI biochemistry analysis showed that the most abundant amino acid in serum, glutamine (Zhang et al., 2012; Shyh-Chang et al., 2013a) , is more actively consumed in A-iPSCs compared to ESCs and Y-iPSCs ( Figure S4D ) (Mitra et al., 2015) . This result indicated that A-iPSCs use more glutamine or other alternative carbon sources, such as other amino acids and lipids, to sustain oxidative phosphorylation ( Figure 1D ). We also tested whether lipids are an alternative carbon source in A-iPSCs, but we did not observe a significant difference between the cell types ( Figure S4E ). The full list of alternative carbon sources used by AiPSCs remains to be determined.
Our previous report demonstrated that epigenetic memory from the somatic cell of origin influences the features of the resulting iPSCs (Kim et al., 2010) . Here we show that metabolic differences in somatic cells could affect the epigenome and biological features of the resulting iPSCs. However, we did not see significant metabolic differences between the somatic cells from young and aged donors ( Figures S4F and S4G ). It is difficult to determine whether differences in GLUT3 expression and activity in Y-iPSCs and A-iPSCs are due to the epigenetic memory of young and aged donor cells, because GLUT3 is not expressed in somatic cells. Nevertheless, there may be an indirect mechanism regulating GLUT3 expression in iPSCs via age-related epigenetic differences in somatic cells that regulate expression of the upstream regulator ZSCAN10.
Expression of GLUT3 during A-iPSC reprogramming increases glucose uptake, which would provide cells with sufficient energy to drive glycolysis, making cells less dependent on oxidative phosphorylation. As a result, more citrate will be present in mitochondria due to reduced consumption by less active oxidative phosphorylation. Excess mitochondrial citrate can be exported to the cytoplasm and converted to acetyl-CoA (Moussaieff et al., 2015) , which then enters the nucleus and serves as the donor for histone acetylation in pluripotent stem cells (Shyh-Chang and Daley, 2015) . This question can be further analyzed with DCA and citrate treatments; however, transient DCA and citrate treatment induced YiPSC cell death and differentiation. After stopping treatment, the few surviving clones that had not undergone differentiation demonstrated the consequences of selective activation of oxidative phosphorylation in iPSCs. Like A-iPSCs, these cells showed a homeostatic imbalance between ROS and glutathione and a blunted DNA damage response. The effects of DCA or citrate treatment on histone acetylation were only seen with continuous treatment, which generated a mixed population of dying and partially differentiated YiPSCs. The lack of a stable and homogeneous sample after prolonged citrate treatment made it difficult to evaluate the impact on histone acetylation in Y-iPSCs. Nevertheless, our study revealed an effect on histone acetylation of citrate depletion by sustained oxidative phosphorylation in A-iPSCs and recovery of citrate levels and histone acetylation by GLUT3 expression. The downstream effects of aberrant glucose metabolism on histone acetylation and diverse regulatory pathways in various organisms remain to be investigated.
EXPERIMENTAL PROCEDURES
Mouse ESCs and iPSCs were cultured in ESC media containing 15% fetal bovine serum (FBS) and 1,000 U/mL leukemia inhibitory factor (LIF). For reprogramming of somatic cells, retrovirus expressing OCT4, SOX2, KLF4, and MYC was introduced. For somatic cells containing inducible reprogramming factors, the media were supplemented with 2 µg/mL doxycycline. For DNA and RNA isolation, ESCs or iPSCs were trypsinized and replated onto new tissue culture dishes for 45 min to remove feeder cells, and nucleic acids were extracted from the nonadherent cell suspension. Information regarding cell lines, antibodies, plasmids, and drugs used in this study, as well as detailed protocols for reprogramming and cell culture, overexpression and knockdown, gene expression analysis (qPCR), immunofluorescence staining and analysis, immunoblot analysis, retrovirus and lentivirus production, drug treatments and irradiation, teratoma analysis, glutathione detection assay, and ROS assay are provided in the Supplemental Experimental Procedures. All experimental processes with animal subjects were conducted under oversight by an institutional review board (IACUC Protocol #: 11-10-023).
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